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Caspase-mediated inflammatorycell deathactsasan
intrinsic defense mechanism against infection. Bac-
terial pathogens deploy countermeasures against
inflammatory cell death, but the mechanisms by
which they do this remain largely unclear. In a screen
for Shigella flexneri effectors that regulate cell death
during infection,wediscovered thatShigella infection
induced acute inflammatory, caspase-4-dependent
epithelial cell death, which is counteracted by the
bacterial OspC3 effector. OspC3 interacts with the
caspase-4-p19 subunit and inhibits its activation by
preventing caspase-4-p19 and caspase-4-p10 heter-
odimerization by depositing the conserved OspC3
X1-Y-X2-D-X3 motif at the putative catalytic pocket
of caspase-4. Infection of guinea pigs with a Shigella
ospC3-deficient mutant resulted in enhanced inflam-
matory cell death and associated symptoms, corre-
lating with decreased bacterial burdens. Salmonella
Typhimurium and enteropathogenic Escherichia coli
infection also induced caspase-4-dependent epithe-
lial death. These findings highlight the importance of
caspase-4-dependent innate immune responses
and demonstrate that Shigella delivers a caspase-4-
specific inhibitor todelay epithelial cell deathandpro-
mote infection.
INTRODUCTION
Invasion of epithelial cells by bacterial pathogens triggers
a number of innate defense responses such as proinflamma-570 Cell Host & Microbe 13, 570–583, May 15, 2013 ª2013 Elsevier Itory signaling, cell-autonomous restriction of intracellular
bacterial growth, and the demise of infected host cells. During
the early stages of bacterial infection of the mucosal epithelium,
acute inflammatory cell death is executed as a major innate
defense mechanism that efficiently eliminates intruders and
emits alarm signals that activate the host innate immune sys-
tem. However, many bacterial pathogens, such as Shigella,
Yersinia, Salmonella, enteropathogenic E. coli (EPEC), and
enterohemorrhagic E. coli, deploy highly evolved mechanisms
to counteract the host cell death response, which is required
to maintain their replicative niches, minimize alarm signals,
and promote colonization (Ashida et al., 2012; Kim et al.,
2010; Ray et al., 2009). Previous studies have indicated that,
upon infection of the epithelium, these pathogens initially pre-
serve their niches by preventing cell death and acute inflamma-
tion through the delivery of various type III secretion system
(T3SS) effectors; however, after they have fully multiplied,
they induce the demise of host cells to facilitate egress through
mechanisms that are largely unclear (Ashida et al., 2010,
2011a; Dewoody et al., 2011; Fink and Cookson, 2007). For
example, previous studies indicated that EPEC-infected epithe-
lial cells trigger cell death via T3SS-delivered EspF to promote
infection (Nagai et al., 2005; Nougayre`de and Donnenberg,
2004). Epithelial cells infected with EPEC expressed phospha-
tidylserine on their surface and exhibited DNA fragmentation
but no signs of cell shrinkage, membrane blebbing, or nuclear
condensation, which are hallmarks of late-stage apoptosis
(Crane et al., 1999, 2001). Hemrajani et al. (2010) recently re-
ported that the EPEC effector NleH targets the endoplasmic re-
ticulum (ER) membrane protein Bax inhibitor-1 to prevent
apoptotic cell death and that this bacterial activity promotes
enterocyte colonization. Together, these studies indicate that
although EPEC infection of the epithelium triggers cell death,
the pathogen inhibits host cell death at an early stage of
infection.nc.
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OspC3 Hijacks Caspase-4-Dependent Epithelial DeathAlthough the modalities of host cell death in response to bac-
terial infection vary among different pathogens, host cell type,
infection dosage, or infectious stage, the major types of cell
death induced upon bacterial infection include apoptosis, necro-
sis, and pyroptosis (Ashida et al., 2011a; Labbe´ and Saleh, 2008;
Lamkanfi and Dixit, 2010). Apoptosis is a type of noninflamma-
tory and programmed cell death that is triggered by the mito-
chondria-mediated pathway and receptor-mediated pathway
and is morphologically characterized by membrane blebbing,
cell shrinkage, DNA fragmentation, mitochondrial permeability,
and caspase activation (Elmore, 2007; Tait andGreen, 2010;Wil-
son et al., 2009). Necrosis is characterized by membrane
rupture, nuclear swelling, and the release of cellular contents.
Necrosis is accompanied by caspase-independent inflamma-
tion, which is triggered by reactive oxygen species (ROS) pro-
duction, and danger signals including lysosomal destabilization,
calpain release, and ATP depletion (Golstein and Kroemer, 2007;
Vandenabeele et al., 2010). Pyroptosis is a type of programmed
cell death that is coordinated by inflammasome-mediated cas-
pase-1 (casp1) activation and accompanied by membrane dam-
age, DNA fragmentation, and the release of proinflammatory cy-
tokines (Bergsbaken et al., 2009; Miao et al., 2011).
Many bacterial pathogens deliver membrane pore-forming cy-
totoxins, T3SS-mediated effectors, T3SS rod components, and
flagellin to thehost cellmembraneor cytoplasm inorder tomodify
the host cell surface architecture, induce membrane rupture,
subvert cell signaling, alter cell metabolism, and modulate im-
mune responses, all of which are required to promote infection
(Ashida et al., 2012; Diacovich and Gorvel, 2010). For example,
during bacterial invasion of epithelial cells, atypical location of
membrane ruffles around the bacterial entry site, aberrant actin
polymerization, and bacteria-mediated membrane rupture are
recognized as damage-associated molecular patterns (DAMPs),
which trigger various innate immune responses including chemo-
kine and cytokine production, acute cell death, mitochondrial
dysfunction, and autophagy (Ashida et al., 2011a; Carneiro
et al., 2009).Shigella invasion of epithelial cells induces early gen-
otoxic stress and calpain activation, which occurs as a result of
the destruction of calpastatin, an endogenous calpain inhibitor,
by the effector VirA, and ultimately leads to necrotic cell death
and restricted intracellular bacterial growth (Bergounioux et al.,
2012). Nevertheless, Shigella are able to replicate intracellularly
and spread to adjacent epithelial cells, strongly suggesting that
Shigella can antagonize the acute host cell death response to
promote colonization (Ashida et al., 2011b).
Here we report an offense-defense mechanism that occurs in
the intestinal tract during Shigella infection of the epithelium and
report that Shigella possess a caspase inhibitor that blocks
acute inflammatory cell death mediated by casp4. This inhibition
of casp4 can prolong epithelial cell viability after infection and
prevent inflammatory cytokine production, which is a host innate
immune response.
RESULTS
TheShigellaT3SSEffectorOspC3 Inhibits Epithelial Cell
Death
We screened various S. flexnerimutant strains lacking genes en-
coding each of the T3SS-secreted effectors that promote cellCell Hdeath using HaCaT cells (immortalized keratinocyte) due to the
feasibility of monitoring the cell death response during bacterial
infection (Figure S1A available online). Based on the lactate de-
hydrogenase (LDH) cytotoxicity assay, one of the mutants lack-
ing ospC3 (DospC3) greatly enhanced cell death at 2 and 4 hr
compared to the other effector mutants and YSH6000 (wild-
type [WT] Shigella) (Figure S1A), suggesting that OspC3 sup-
presses the cell death response to Shigella infection. To confirm
this finding, we infected different human epithelial cells, including
HT29 (colon adenocarcinoma), Caco-2 (colorectal adenocarci-
noma), HCT116 (colon adenocarcinoma), HeLa (cervical cancer),
A431 (epidermoid carcinoma), ACHN (renal carcinoma), AGS
(gastric cancer), and HaCaT cells, with YSH6000 or DospC3
for 2 or 4 hr and measured the cytotoxicity levels. As shown in
Figure S1B, DospC3-infected HaCaT cells exhibited increased
cytotoxicity without undergoing significant cell exfoliation up to
4 hr post infection. HT29 andCaco-2 cells and, to a lesser extent,
colon-derived cell lines exhibited appreciable levels of cytotox-
icity at 2 and 4 hr after infection with DospC3 (although Caco-2
cells underwent cell detachment at 4 hr) compared to
YSH6000. The ability of OspC3 to delay cell death was also
confirmed using primary intestinal cell cultures (Figure S1C).
Therefore, we predominantly used HT29 and HaCaT cells in
further studies.
OspC3 belongs to the OspC family of proteins; OspC1,
OspC2, and OspC3 share significant amino acid similarity (Fig-
ure S1D) (Le Gall et al., 2005). We thus determined whether
OspCs are secreted via the T3SS. As shown in Figure S1E, all
of these effectors were secreted by YSH6000, confirming that
the OspC proteins act as effectors. We subsequently examined
the cytotoxicity levels of HT29 and HaCaT cells that were in-
fected with a series of mutant strains, including DospC1,
DospC2, DospC3, DospC1-2, DospC1-3, DospC2-3, and
DospC1-2-3 (lacking the indicated number of ospC genes). In-
fecting host cells with either of the mutants lacking the ospC3
gene enhanced the cytotoxicity levels compared to that of
DospC1, DospC2, DospC1-2, or YSH6000 (Figure S1F).
DospC3/C3, complementing DospC3 with ospC3, decreased
the cytotoxicity to a level comparable with YSH6000 (Fig-
ure S1G). Together, these results clearly demonstrate that
OspC3 helps counteract acute epithelial cell death responses
to Shigella infection.
Shigella Lacking the ospC3 Gene Augment Necrotic
Epithelial Cell Death
We examined the mode of cell death in HT29 and HaCaT cells
infected with DospC3, YSH6000, or S325. Giemsa staining re-
vealed that DospC3-infected cells exhibited nuclear chromatin
condensation at 2 and 4 hr postinfection (13% and 16% in
HaCaT cells at 2 and 4 hr and 12% and 29% in HT29 cells at 2
and 4 hr, respectively), while the rate of chromatin condensa-
tion-positive YSH6000-infected cells was marginal (Figure 1A).
In HaCaT cells, DospC3 infection caused membrane rupture
(Movie S1), which ultimately led to cell death at a maximum
rate after 4 hr postinfection, and was profound compared to
YSH6000 (or DospC3/C3) infection (Figure 1B). When HaCaT
cells expressing OspC3 were infected with DospC3, cell death
was suppressed at 2 and 4 hr postinfection (Figure 1C), confirm-
ing that OspC3 delays acute necrotic cell death.ost & Microbe 13, 570–583, May 15, 2013 ª2013 Elsevier Inc. 571
Figure 1. OspC3 Delays Epithelial Cell Death during Shigella Infection
(A–C) HaCaT, HT29, or HaCaT with OspC3-Myc (C) cells were infected with the indicated Shigella strains at a multiplicity of infection (moi) of 25 and then
incubated at 37C for the indicated time periods. (A) Infected cells were fixed at the indicated time points and then subjected to Giemsa staining. Arrowheads
indicate cells whose cytoplasm disappeared, and yellow lines highlight the outline of individual cells. The number of infected cells undergoing chromatin
condensation was calculated from at least 500 cells and is shown in the right panels. Aliquots of the cellular supernatants were subjected to the cytotoxicity assay
andmeasured at (B) 2, 4, 6, and 8 hr or (C) 2 and 4 hr. All data are expressed as themeans ± SEM (n = 3). *p < 0.05. p values were calculated using a nonparametric
one-tailed Student’s t test. See also Figure S1 and Movie S1.
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OspC3 Hijacks Caspase-4-Dependent Epithelial DeathHT29 and HaCaT cells infected with DospC3, DospC3/C3,
YSH6000, or S325 (a T3SS-deficient mutant; DT3SS) were sub-
sequently examined by TUNEL staining. There was a high rate572 Cell Host & Microbe 13, 570–583, May 15, 2013 ª2013 Elsevier I(7%) of TUNEL-positive cells upon DospC3 infection compared
to the other strains (less than 1%) (Figure 2A). HaCaT cells in-
fected with DospC3 or YSH6000 did not release cytochrome cnc.
Cell Host & Microbe
OspC3 Hijacks Caspase-4-Dependent Epithelial Death(Figure S2A). Treating the cells with BclxLBH44–23, an inhibitor of
cytochrome c release, failed to block DospC3-mediated cell
death (Figure S2B). Indeed, the propidium iodide (PI)-positive
cell fraction increased in DospC3-infected HT29 or HaCaT cells
compared toYSH6000 (orDospC3/C3)-infectedcells (Figure 2B),
indicating that Shigella infection caused nonapoptotic, inflam-
matory cell death. In this context, we examined interleukin-18
(IL-18) maturation in cells infected with DospC3 or YSH6000 us-
ing immunoblot analyses and ELISA assays (Figures 2C and 2D).
IL-18 maturation occurred in response to DospC3, but not
YSH6000, infection after 2 hr (Figure 2C), suggesting that
DospC3 infection induced pyroptosis-like cell death. Assays us-
ing a pan-caspase (Z-VAD), casp1/casp4/casp5, and casp3/
casp7 inhibitor showed that DospC3-induced cytotoxicity was
rescued by Z-VAD and the casp1/casp4/casp5 inhibitor but
not by the casp3/casp7 inhibitor (Figure 2E). Furthermore, a fluo-
rescent-labeled inhibitor of caspases (FLICA) assay showed that
casp1/casp4/casp5 activity increased upon DospC3 infection
compared to YSH6000 or DospC3/C3 infection (Figure S2C).
Electron microscopic analysis revealed that DospC3-infected
HaCaT cells occasionally exhibited membrane rupture, nuclear
condensation, a hernial nuclear membrane, and mitochondrial
swelling (Figure 2F). These morphologic changes were detected
in 7% and 29% of DospC3-infected cells at 1 and 2 hr postinfec-
tion, respectively, while these changes were only minimally
observed in YSH6000-infected cells (Figure 2F). Together, these
results clearly indicate that casp1/casp4/casp5-mediated in-
flammatory cell death occurs during the early stage of DospC3
infection.
In Vivo Role of OspC3
To establish the pathological role of OspC3 in vivo, we used a
guinea pig infection model, which is an established and reliable
model for evaluating Shigella pathogenesis (Shim et al., 2007).
We infected guinea pigs with YSH6000, DospC3, or DospC3/
C3 via the rectal route for 5 and 24 hr. At 5 hr postinfection,
the colonization rate of YSH6000 was greater than that of
DospC3 (Figure 3A). The invasiveness of WT, DospC3, and
DospC3/C3 for epithelial cells is also highly similar (Figure S3A).
Although the intracellular growth of these strains was similar in
the presence of Z-VAD (Figure S3B), in the absence of Z-VAD,
the apparent intracellular bacterial growth of DospC3 was lower
than that of the other strains (Figure S3C). At 24 hr postinfection,
DospC3 infection induced severe colitis with mucosal cell death,
inflammatory cell infiltration with edema beneath the mucus
layer, and hemorrhaging in the subepithelial layer, which were
profound compared to YSH6000 and DospC3/C3 infection (Fig-
ures 3B and 3C). These results suggest that OspC3 promotes
Shigella infection by delaying inflammatory epithelial cell death.
OspC3 Targets Casp4
Since the above results suggested that OspC3 modulates
casp1/casp4/casp5-dependent inflammatory cell death, we
next determined which caspase is involved in the OspC3-medi-
ated cell death response by identifying OspC3-targeted host
factors. We performed glutathione S-transferase (GST) pull-
down assays using lysates of HeLa cells expressing each of hu-
man casp1-GFP through casp10-GFP or proteins associated
with casp1 activation (Bergsbaken et al., 2009; EarnshawCell Het al., 1999; Tschopp and Schroder, 2010). Casp4-GFP, but
not other caspases or proteins associated with casp1 activation,
was pulled down by GST-OspC3 (Figure S4A). The direct inter-
action between OspC3 and casp4 was further confirmed by a
GST-casp4 pull-down with His-OspC3 (Figure 4A). When HaCaT
cells were infected with YSH6000 or DospC3, the levels of the
endogenous precursor form of casp4 rapidly decreased, which
was not observed in uninfected control cells (Figure 4B). There-
fore, we assumed that bacterial invasion of epithelial cells per se
triggered casp4 activation. Casp4 exists as a precursor that con-
sists of the caspase recruitment domain (CARD), p19, and p10
domains (Figure S4B). Upon activation, casp4 forms hetero-
dimers that contain two p19 and two p10 domains, which create
catalytic pockets at the interdomain between p19 and p10 (Fig-
ure S4B) (Earnshaw et al., 1999). To confirm the involvement of
casp4 activation in bacterial infection, HaCaT cells were sub-
jected to small interfering RNA (siRNA)-mediated knockdown
of casp4 or casp1 (Figure 4C) and then infected with YSH6000,
DospC3, or DospC3/C3. Casp4, but not casp1, knockdown
restored DospC3-induced cell death (Figure 4D). Notably,
siRNA-mediated knockdown of casp3, casp5, or casp7 did not
alter the levels of DospC3-induced cell death (Figures S4C and
S4D). When the cells were infected with DospC3, IL-18 process-
ing was diminished in casp4 knockdown cells, but not casp1
knockdown cells (Figure 4E), indicating that casp4 activation
upon DospC3 infection stimulates inflammatory cell death.
Based on these results, we conclude that OspC3-mediated tar-
geting of casp4 is a cue that delays inflammatory cell death dur-
ing Shigella infection.
OspC3 Interacts with the Casp4-p19 Subunit
To further characterize OspC3 activity, recombinant casp4 plus
7-amino-4-trifluoromethyl coumarin (AFC)-LEVD (as a probe for
casp4) or casp1 plus AFC-YVAD (as a probe for casp1) were
incubated with different concentrations of OspC3, and the level
of cleaved fluorogenic AFC was quantified. Accordingly, casp4
activity decreased with increasing concentrations of OspC3,
whereas casp1 activity only minimally decreased, even at higher
OspC3 concentrations (Figure 5A). HaCaT cells transfected with
vectors encoding ospC3-myc, casp4-p19 (p19), p19-CA (an
inactive form of p19), or casp4-p10 (p10) were examined for
the effects of OspC3 on casp4-dependent cell death. Expressing
p19, but not p19-CA, together with p10 resulted in 11% cell
death, which was markedly reduced upon OspC3 coexpression
(Figure 5B). This was also confirmed using HeLa cells, in which
48% of HeLa cells underwent cell death (Figure S5A). To deter-
mine if OspC3 could interact with either of the casp4 moieties
(p10 or p19), we performed a GST pull-down assay using
His-OspC3 and GST-p19, GST-p10, GST-casp1-p20, or GST-
casp1-p10. His-OspC3 was specifically pulled down by GST-
p19 (Figure 5C). Since mouse Casp11 is a human CASP4 ortho-
log andmouseCasp12 is a humanCASP4 homolog (Figure S5B)
(Martinon and Tschopp, 2007), we determined whether OspC3
could also interact with mouse caspase-11 (mcasp11) or cas-
pase-12 (mcasp12) using a GST pull-down assay with GST-
p19, GST-mcasp11-p23, and GST-mcasp12-p18 (Figure S5C).
OspC3 was not pulled down by GST-mcasp11-p23 or GST-
mcasp12-p18. Given our guinea pig infection studies with
YSH6000 and DospC3 (Figures 3A–3C), we performed a GSTost & Microbe 13, 570–583, May 15, 2013 ª2013 Elsevier Inc. 573
(legend on next page)
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OspC3 Hijacks Caspase-4-Dependent Epithelial Deathpull-down assay with His-OspC3 using GST-guinea pig CASP4-
like (gcasp4). As shown in Figure S5C, His-OspC3 was pulled
down by the GST-gcasp4, suggesting that OspC3 binds to
gcasp4. We also examined the specificity of the casp4-OspC3
or gcasp4-OspC3 interaction by testing other OspC proteins,
including OspC1 and OspC2, in the GST pull-down assay and
ensured that the interaction was specific to OspC3 (Figure S5D).
Since OspC3 bound to a portion of casp4 encompassing resi-
dues 134–179 (Figures S5E and S5F), we analyzed this 46 amino
acid sequence, which was highly conserved among casp4,
gcasp4, mcasp11, casp5, casp1, andmcasp12, using ClustalW.
The results presented by the tree chart strongly indicated that
casp4 and gcasp4 were the most homologous (Figure S5F).
Therefore, we investigated the effects of OspC3 on p19 and
p10 tetramer formation (Figure S4B) (Karki et al., 2007). p19
was incubated with or without OspC3 and then pulled down
with GST-p10, after which the amount of p19 interacting with
p10 was measured. Tetramer formation was impaired with
increasing amounts of OspC3. Under the same conditions,
OspC3 was unable to interfere with the formation of the casp1-
p20 and casp1-p10 tetramer (Figure 5D). Based on these results,
we conclude that OspC3 specifically interferes with casp4 acti-
vation via inhibiting p19 and p10 tetramer formation.
The OspC3 Sequence Interacting with p19 Inhibits
Casp4 Activation
To identify theOspC3sequence that inhibits casp4activation,we
created a series of in-frame OspC3 deletions and examined the
ability of each deletion mutant to interact with p19 using a GST
pull-down assay. The portion of OspC3 encompassing residues
190–484 mediates the interaction with p19 (Figure 6A). Intrigu-
ingly, the C-terminal domain of OspC3, specifically residues
450–478, was highly conserved among the Shigella OspC family
and other bacterial and viral factors that possess ankyrin repeat
(ANK) sequences (Figure 6B) (Al-Khodor et al., 2010; Li et al.,
2006). To determine whether the OspC3 ANK sequences are
involved in dampening casp4 activation, we substituted three
conserved residues, L456, A459, and L471, with A, G, and A,
respectively, and examined the ability of this OspC3 mutant
(designated OspC3-DAnk) to bind to p19. OspC3-DAnk failed
to bind to p19 in a GST pull-down assay (Figure 6C). Since the
interdomain between p19 and p10 of casp1/casp4 creates cata-
lytic pockets that interact with substrates, such as IL-1b and
IL-18 (Kumar et al., 2002; Shi, 2002), we also examined the
OspC3 motif that might interact with the catalytic pocket via
X1-Y-X2-D-X3, a consensus motif in casp1/casp4 substrates
that is proteolyzed by casp1/casp4. Using MnM 3.0, we pre-
dicted that residues 333–337 (LSTDN) within OspC3 contain an
X1-Y-X2-D-X3 motif (Figure S6A). Therefore, OspC3 LSTDN wasFigure 2. Characterization of Shigella DospC3-Induced Cell Death
(A–F) HaCaT or HT29 cells were infected with the indicated Shigella strains at a
without caspase inhibitors (25 mM). Infected cells were subjected to (A) TUNEL or
Whole-cell lysates were analyzed by immunoblotting, and percentages of mature
were subjected to (D) an IL-18 ELISA or (E) a cytotoxicity assay. (F) HaCaT cells we
at 37C for the indicated time periods. Infected HaCaT cells were fixed and subjec
(i), nuclear condensation (ii), a hernial nuclear membrane (iii), and mitochondrial
arrows indicate Shigella. The right panel shows the rate of dying cells. The percent
the means ± SEM (n = 3). *p < 0.05. p values were calculated using a nonparam
Cell Hsubstituted with AAAAA (OspC3-AAA), and OspC3-DAnk and
OspC3-DAnk-AAA (with mutated Ank and LSTDN) were tested
for cytotoxicity, which was induced by expressing p19 and p10
in HaCaT cells. OspC3-DAnk-AAA lost the ability to interact
with p19 and failed to prevent cell death (Figures 6C and 6D).
To validate the interaction of LSTDN and MLSTDNFK with the
putative catalytic pocket of casp4, complex models of casp4-
LSTD and casp4-MLSTDNFK were created based on the struc-
ture of casp1 with an inhibitor (Protein Data Bank ID code 1ICE)
using the CNS (crystallography and NMR system) program
(Brunger, 2007). Using these models, we were able to show
that both of the peptides were placed in a state of electrostatic
stability relative to the catalytic pocket (Figure S6B). Consistent
with this simulation, the addition of synthesized LSTD, but not
AAAApeptides toDospC3-infectedcells greatly diminishedcyto-
toxicity (Figure S6C). Intriguingly, OspC family proteins also
possess the ANK and LSTDN sequences and share striking
amino acid similarity (Figure 6B). Nevertheless, onlyOspC3could
interact with p19, suggesting that the overall amino acid
sequence or/and the steric protein structure of OspC3 may be
required for its ability to specifically target p19 (see Discussion).
Engagement of Casp4-Dependent Epithelial Cell Death
during Salmonella and EPEC Infection
Since casp4-dependent inflammatory cell death occurred in
response to Shigella infection, we asked whether Salmonella
and EPEC infection could trigger inflammatory cell death in
HaCaT and HT29 cells (Crane et al., 1999; Winter and Ba¨umler,
2011). These cells were infected with S. Typhimurium SB300
(WT) and DinvA (DT3SS) or EPEC E2348/69 (WT) and DescF
(DT3SS), and then the levels of cell death were examined using
a TUNEL assay and PI-FLICA assay (Figures S7A–S7H). Upon
SB300 infection, 25%and 5%ofHaCaT andHT29 cells were TU-
NEL-positive and 30% and 25% of HaCaT and HT29 cells were
PI-FLICA-positive, respectively, while cells infected with DinvA
did not undergo appreciable levels of cell death (Figures S7A–
S7D). Similarly, E2348/69 produced 10% and 1.5% TUNEL-pos-
itive HaCaT and HT29 cells and 15% and 5% PI-FLICA-positive
HaCaTandHT29cells, respectively (FiguresS7E–S7H). Although
the rate of cytotoxicity and population of casp1/casp4/casp5-
activated cells varied for each cell line and pathogen, when Ha-
CaT cells were infected with SB300 or E2348/69, we found that
endogenous casp4 underwent rapid processing (Figure S7I). Af-
ter siRNA-mediated knockdown of casp1 or casp4, epithelial
cells that had been treated with sicasp4, but not sicasp1, and in-
fected with SB300 or E2348/69 for 2 and 4 hr exhibited greatly
diminished cytotoxicity (Figure 7A). Because the addition of
LSTD peptides or ectopic expression of OspC3 diminished the
cytotoxicity of HaCaT cells upon SB300 or E2348/69 infectionn moi of 25 and then incubated at 37C for the indicated time periods with or
(B) PI staining. Positive cells were quantified and shown in the right panels. (C)
IL-18 per whole IL-18 are shown in the lower panel. Aliquots of supernatants
re infectedwith the indicated Shigella strains at anmoi of 25 and then incubated
ted to electronmicroscopic analysis. Enlarged photos showmembrane rupture
swelling (iv), and v–viii are the corresponding YSH6000-infected controls. Red
age of cells undergoing death was calculated for at least 1,000 cells. All data are
etric two-tailed paired Student’s t test. See also Figure S2.
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Figure 3. Role of OspC3 during Shigella Infection of Guinea Pig Intestines
(A–C) Guinea pigs were infected via the rectal route with 109 colony-forming units (cfu) of the indicated Shigella strains for 5 hr (A) or 24 hr (B and C). (A) Extracted
intestines were punched and the numbers of intracellular bacteria were quantified by cfu. Data are the means ± SEM (n = 5). *p < 0.05. p values were calculated
using a nonparametric one-tailed Mann-Whitney U test. (B) The pictures show the anal and dissected intestines of infected guinea pigs in which the colonic
region was subjected to histopathological analysis by hematoxylin and eosin (H&E) staining. (C) The colonic region was subjected to TUNEL assay. TUNEL-
positive cells were quantified and are shown in the right panel. Green, blue, and red represent cleaved DNA, DNA, and Shigella-lipopolysaccharide (LPS),
respectively. To quantify the TUNEL-positive cell fraction, viewpoints (270 mm3 270 mm) containing the area that Shigella entirely infected were arbitrarily chosen
as the infected sections and calculated after examining at least 150 cells. Data are expressed as the means ± SEM (n = 10). *p < 0.05. p values were calculated
using a nonparametric two-tailed paired Student’s t test. See also Figure S3.
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OspC3 Hijacks Caspase-4-Dependent Epithelial Death(Figures 7B and 7C), we assumed that the cell death modality
induced by these pathogens was similar to that seen upon
Shigella infection (Figure S7J). Collectively, these results clearly
demonstrate that casp4-dependent epithelial cell death is a ma-
jor host innate defense mechanism.
DISCUSSION
Inflammatory cell death and the exfoliation of dying cells act
as host innate defense mechanisms that clear intruding bacte-576 Cell Host & Microbe 13, 570–583, May 15, 2013 ª2013 Elsevier Iria during the early stages of infection (Ashida et al., 2011a;
Kim et al., 2009). However, pathogenic bacteria commonly
block or delay cell death and detachment to promote survival
within their replicative niches (Arnoult et al., 2009; Ashida
et al., 2011a; Kim et al., 2009; Rudel et al., 2010). In the present
study, we have elucidated an offense-defense mechanism
that occurs in the intestinal tract during Shigella infection. We
show that Shigella infection of human epithelial cells triggers
casp4-dependent inflammatory cell death and that Shigella
deploy a unique mechanism to counteract epithelial cell deathnc.
Figure 4. Shigella DospC3-Induced Casp4 Activation Triggers a Pyroptosis-like Response
(A) GST-casp4 or GST beads were mixed with lysates from E. coli cells expressing His-OspC3, and the bound proteins were immunoblotted with an anti-His
antibody. The daggers numbered 1–5 indicate GST-casp4, GST-CARD-p19-linker, GST-CARD-p19, GST-CARD, and GST, respectively.
(B) HaCaT cells were infected with the indicated Shigella strains and then incubated at 37C for the indicated time periods. Infected cells were lysed and then
immunoprecipitated with an anti-casp4-CARD antibody. The bound proteins were analyzed by immunoblotting. In this assay, the time point after centrifugation
indicates 0 hr after infection. The quantification data are shown in the lower panel.
(C) The knockdown efficiency of the indicated siRNAs was assessed by RT-PCR.
(D and E) HaCaT cells treated with the indicated siRNAs were infected with the indicated Shigella strains and then incubated at 37C for the indicated time
periods. (D) Supernatant aliquots were subjected to the cytotoxicity assay. (E) DospC3-infected cells lysates were analyzed by immunoblotting, and percentages
of mature IL-18 per whole IL-18 are shown in the right panel. Data are expressed as themeans ± SEM (n = 3). *p < 0.05, n.s.p > 0.05. p values were calculated using
a nonparametric two-tailed Student’s t test. See also Figure S4.
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OspC3 Hijacks Caspase-4-Dependent Epithelial Deathby delivering the OspC3 effector. Intriguingly, we found that
Salmonella and EPEC infection of human epithelial cells
also induces casp4 activation (Fink and Cookson, 2007). OurCell Hfindings highlight the concept that a bacterial pathogen
deploys a caspase inhibitor that specifically targets casp4 to
modulate host epithelial inflammatory cell death. Furthermore,ost & Microbe 13, 570–583, May 15, 2013 ª2013 Elsevier Inc. 577
Figure 5. OspC3 Directly Interacts with p19 and Inhibits Casp4 Activity
(A) Demonstration of OspC3 inhibitory activity against casp4 using an in vitro caspase assay with purified OspC3.
(B) HaCaT cells were transiently transfected with the casp4 subunits p19 and p10 with or without OspC3-Myc. Supernatant aliquots were subjected to the
cytotoxicity assay. Data are expressed as the means ± SEM (n = 3). *p < 0.05. p values were calculated using a nonparametric two-tailed paired Student’s t test.
(C) GST beads bound to the indicated proteins were mixed with lysates from E. coli cells expressing His-OspC3.
(D) Indicated purified proteins and GST-casp4-p10 or GST-casp1-p10 were subjected to a competition assay. All bound proteins were analyzed by immuno-
blotting. Daggers indicate the GST-casp4 or GST-casp1 subunits. See also Figure S5.
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OspC3 Hijacks Caspase-4-Dependent Epithelial Deaththese findings underscore the impact of casp4-dependent
inflammatory epithelial cell death during bacterial infection,
which is likely widely used in human intestinal epithelial cells
as a pivotal innate immune mechanism against bacterial
infection.578 Cell Host & Microbe 13, 570–583, May 15, 2013 ª2013 Elsevier IIt has been indicated that Shigella invasion of and multiplica-
tion within epithelial cells causes various host cell stresses and
innate immune responses. A recent study indicated that Shigella
invasion of HeLa cells induces casp1-independent necrotic cell
death, which is associated with mitochondrial dysfunction, innc.
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by activating the NF-kB prosurvival pathway (Carneiro et al.,
2009). More recently Bergounioux et al. (2012) reported that
Shigella invasion of epithelial cells, such as HeLa and HCT119
cells, rapidly induces a genotoxic response and calpain protease
activation. The authors showed that calpain activation, which
can be triggered by the essential Shigella VirA effector, restricts
bacterial intracellular proliferation and ultimately induces
necrotic cell death, suggesting that necrotic cell death benefits
host cells (Bergounioux et al., 2012). Mucosal epithelial cells
act as sentinels that sense bacterial invasion and produce and
emit various inflammatory alarm signals such as ROS, chemo-
kines, and cytokines (Ashida et al., 2011b; Phalipon and Sanso-
netti, 2007). Therefore, these studies indicated that delayed
epithelial cell death is beneficial to both host cells and the path-
ogen; the host cells gain sufficient time to generate inflammatory
signaling, while pathogens are able to fully replicate and dissem-
inate into surrounding epithelial cells. Intriguingly, recent studies
with neural cells indicated that casp4 is activated during ER
stress-specific caspase activation (Hitomi et al., 2004); the
same group later reported that casp4 is partially cleaved by cal-
pain during ER stress, which results in neural cell death (Matsu-
zaki et al., 2010). In this context, we tested HaCaT andHT29 cells
stimulated with ER stress inducers that activate casp4. Although
we did not detect casp4 processing during ER stress (T.K. and
C.S., unpublished data), we could detect rapid processing of
endogenous casp4 when HaCaT cells were infected with
YSH6000 and DospC3 (Figure 4B), demonstrating that Shigella
invasion per se stimulates casp4 activation. Notably, when
epithelial cells were infected with a Shigella mutant lacking the
virA gene, the levels of cytotoxicity and casp4 activation were
greatly diminished (T.K. and C.S., unpublished data). Therefore,
it is likely that the delivery of Shigella VirA to epithelial cells trig-
gers casp4-dependent inflammatory cell death.
Although OspC3 shares 65% and 93% amino acid homology
with OspC1 and OspC2, respectively, which possess ANK se-
quences at the C-terminal portion (Figure S1D), it is not fully un-
derstood how OspC3 specifically antagonizes casp4 activation.
Our results strongly indicate that the interaction between OspC3
and the p19 moiety is a key mechanism that dampens casp4
activation. We identified a portion of OspC3 encompassing res-
idues 190–484 that is essential in mediating the interaction with
p19. This region within OspC3 contains at least two functional
regions that interact with p19; one is the C-terminal sequence
containing ANK, and the other one is the LSTDN motif encom-
passing residues 333–337. Notably, as shown in Figure 6B, the
OspC3 ANK sequence shares significant amino acid similarly
with other bacterial and viral proteins, including Shigella
OspC1 and OspC2, while the LSTDN motif of OspC3 was found
in casp1/casp4 substrates such as IL-1b, IL-18, and OspC2, but
not OspC1. Although we did not examine the ability of these mi-
crobial proteins to interact with p19, OspC3, but not OspC1 or
OspC2, could interact with p19, suggesting that although the
ANK and LSTDN motifs are prerequisite elements, some addi-
tional amino acid sequences within OspC3 or/and its steric
structure may contribute to the targeting of p19. Indeed, when
full-length OspC3 was expressed in HaCaT cells together with
p19 and p10, the level of cytotoxicity was decreased to less
than half compared to that of the mock control. Under theCell Hsame conditions, when OcpC3-DAnk or OspC3-AAA was ex-
pressed together with p19 and p10, the cytotoxicity remained
partially suppressed. However, when OspC3-DAnk-AAA was
expressed together with p19 and p10, the level of cytotoxicity
was not altered. We also confirmed that the formation of p19
and p10 heterodimers was inhibited by purified OspC3 in a
dose-dependent manner (Figure 5D). Furthermore, the addition
of synthesized LSTDN peptides to cells infected with DospC3
greatly diminished cytotoxicity (Figure S6C). Therefore, we spec-
ulate that an OspC3 portion encompassing residues 190–484
enables OspC3 to directly interact with p19. This may allow the
OspC3 LSTDN motif to insert into the catalytic pocket of the
p19 and p10 interdomain, allowing OspC3 to prevent hetero-
dimer formation and dampen casp4 activation. Since OspC3
and OspC2 share the LSTDN motif and ANK domain, and our
ongoing work suggests that OspC2 targets another caspase
distinct from casp4, we envisage that we will be able to further
understand the molecular basis regarding the specificity of
OspC3 in targeting casp4 by comparing the amino acid se-
quences of the OspC3 and OspC2 domains that facilitate the
interaction with each substrate.
The ability of bacteria to inhibit caspase activity, as demon-
strated by the Shigella OspC3 effector, prolongs host epithelial
cell viability, increases Shigella replication and cell-cell
spreading, and prevents the generation of inflammatory cyto-
kines as a host innate immune response. In this regard, it is worth
noting that microbial-mediated inhibition of caspases, such as
casp1, was originally discovered for viruses. Ray et al. (1992)
reported that cowpox virus, an orthopoxvirus, encodes a
casp1 inhibitor called cytokine responsemodifier A (CrmA). Sub-
sequently, Miura et al. (1993) demonstrated that CrmA could
inhibit casp1-mediated cell death, suggesting that cowpox virus
deploys countermeasures to prevent cell death. CrmA could also
suppress casp8 and casp10 activity, and CrmA-mediated inhibi-
tion of casp1 activation was also shown to prevent IL-1b and IL-
18 production and inflammatory cell death (Garcia-Calvo et al.,
1998; Kamada et al., 1997; Komiyama et al., 1994; Zhou et al.,
1997). These findings suggest that viral mechanisms that coun-
teract host innate defense responses significantly contribute to
the pathogenesis of poxvirus infection (Best, 2008). CrmA, con-
taining residues LVAD, acts as a pseudosubstrate that binds to
active caspases (Komiyama et al., 1994; Ray et al., 1992). These
studies have been used extensively as a foundation to discover
various viral, cellular, and chemical caspase inhibitors (Best,
2008; Callus and Vaux, 2007). Similarly, our discovery of a bac-
terial inhibitor of casp4, which is encoded by ShigellaOspC3, will
further our understanding of bacterial strategies that prolong the
replicative niche as well as provide avenues to by which to study
inflammatory cell death in the colon and develop new therapeu-
tic targets for colitis. Notably, during the revision of our manu-
script, LaRock and Cookson (2012) identified a 4 amino acid
sequence within an exposed loop of Yersinia YopM, which is
similar to the casp1 substrate YVAD and to endogenous and vi-
rus-encoded inhibitors of casp1, that prevents casp1-depen-
dent pyroptosis in Yersinia-infected macrophages.
Mouse casp11 is a human casp4 ortholog (Figure S5B) (Marti-
non and Tschopp, 2007). Recent studies have indicated that
casp4 in humans and casp11 in mice play a pivotal role in medi-
ating innate immune responses in both myeloid and nonmyeloidost & Microbe 13, 570–583, May 15, 2013 ª2013 Elsevier Inc. 579
Figure 6. The OspC3 Sequence that Interacts with p19 Inhibits Casp4 Activation
(A) The GST-OspC3 derivatives conjugated to beads were mixed with purified p19, and the bound proteins were analyzed by immunoblotting. Schematic
representation of the OspC3 derivatives in which the OspC3 domains that bind to p19 are indicated in the lower panel. The dagger indicates each GST-OspC3
derivative.
(B) Multiple sequence alignment shows the C-terminal regions of the OspC family and ANK repeat-containing proteins.
(C) GST beads bound to the indicated proteins were mixed with purified p19, and the bound proteins were analyzed by immunoblotting. The dagger indicates
each GST-OspC3 derivative.
(legend continued on next page)
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Figure 7. OspC3 Can Inhibit Casp4-Dependent Cell Death Caused by Salmonella and EPEC Infection of Epithelial Cells
(A–C) HaCaT cells were treated with the indicated siRNAs (A) or synthetic peptides (25 mM) (B), or HaCaT with OspC3-Myc cells (C) were infected with the
indicated Salmonella or EPEC strains at an moi of 25 and incubated at 37C for 2 or 4 hr. Aliquots of the cellular supernatants were subjected to the cytotoxicity
assay. Data are expressed as the means ± SEM (n = 3). *p < 0.05. p values were calculated using a nonparametric two-tailed paired Student’s t test.
(D) The model shows the mechanism of OspC3 inhibition through casp4 activation. See also Figure S7.
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OspC3 Hijacks Caspase-4-Dependent Epithelial Deathcells. Kayagaki et al. (2011) reported that mouse macrophages
infected with E. coli, C. rodentium, or V. cholerae induce
casp11, but not casp1, which was required for noncanonical
inflammasome-triggered macrophage cell death. Additionally,
Salmonella infection of mouse epithelium induces casp11-
dependent, casp1-independent cell death (Broz et al., 2012).
Akhter et al. (2012) showed that casp11 was dispensable
for casp1 activation in response to Legionella, Salmonella,
Francisella, and Listeria infection of mouse macrophages but
that casp11 activation was required to restrict L. pneumophila(D) HeLa cells transiently expressing p19 and p10 with or without the indicated O
decreased by OspC3-Myc. Supernatant aliquots were subjected to the cytotox
expressing the indicated OspC3-Myc derivatives were analyzed by immunoblotti
tailed Student’s t test. See also Figure S6.
Cell Hinfection by promoting the fusion of the L. pneumophila vacuole
with lysosomes via modulating cofilin and actin polymerization.
Rathinam et al. (2012) reported that type 1 interferon stimulation
of mouse epithelium increased the levels of casp11, which
resulted in higher levels of the active form of casp11 and subse-
quent pyroptotic cell death. Sollberger et al. (2012) reported that
casp4 activation is required for UV-induced activation of proIL-
1b and for unconventional protein secretion by skin-derived ker-
atinocytes. Specifically, they found that pyrin domain-containing
inflammasome and casp4 physically interact with the centralspC3-Myc derivatives. The levels of cytotoxicity caused by p19 and p10 were
icity assay. Data are expressed as the means ± SEM (n = 3). Lysates of cells
ng. *p < 0.05, n.s.p > 0.05. p values were calculated using a nonparametric two-
ost & Microbe 13, 570–583, May 15, 2013 ª2013 Elsevier Inc. 581
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OspC3 Hijacks Caspase-4-Dependent Epithelial Deathmolecule casp1. In the present study, we demonstrate that
Shigella, Salmonella, and EPEC infection of HaCaT and HT29
cells induced casp4-dependent inflammatory cell death.
Although it is not clear whether Salmonella and EPEC use activ-
ities similar to that of Shigella to antagonize the inflammatory
epithelial cell death response, recent studies indicated that Sal-
monella (Jones et al., 2008; Knodler et al., 2005; Kum et al., 2011)
and EPEC (Baruch et al., 2011; Hemrajani et al., 2010) can
manipulate host cell death signaling, though the modality of
cell death is distinctive from that observed in our present study.
These studies together with our findings clearly suggest that
casp4 will become a therapeutic target for the treatment of in-
flammatory bowel diseases. Clearly, the discovery of bacterial-
encoded caspase inhibitor will be invaluable both in furthering
our understanding of bacterial pathogenesis and in developing
tools to study inflammatory epithelial cell death and resulting in-
flammatory diseases.
EXPERIMENTAL PROCEDURES
Ethics Statement
This study was carried out in strict accordance with the University of Tokyo’s
regulations for Animal Care and Use protocol, which was approved by the An-
imal Experiment Committee of the Institute of Medical Science, the University
of Tokyo (approval number 20-62). The committee acknowledged and
accepted both the legal and ethical responsibility for the animals, as specified
in the Fundamental Guidelines for Proper Conduct of Animal Experiment and
Related Activities in Academic Research Institutions under the jurisdiction of
the Ministry of Education, Culture, Sports, Science, and Technology, 2006
(Japan). All surgery was performed under carbon dioxide euthanasia, and all
efforts were made to minimize suffering.
See Supplemental Experimental Procedures.
ACCESSION NUMBERS
The DNA Data Bank of Japan accession numbers for ospC3, ospC1, and
ospC2 reported in this paper are AB819724, AB819725, and AB819726,
respectively.
SUPPLEMENTAL INFORMATION
Supplemental Information includes seven figures, Supplemental Experimental
Procedures, and one movie and can be found with this article online at http://
dx.doi.org/10.1016/j.chom.2013.04.012.
ACKNOWLEDGMENTS
This work was supported by a Grant-in-Aid for Specially Promoted Research
(23000012: C.S.); a Grant-in Aid for Young Scientists (A) (23689027: M. Kim); a
Grant-in-Aid for Young Scientists (B) (23790471: M.O., 23790472: H.A., and
22790403: T.S.); a Grant-in-Aid for Scientific Research (B) (23390102: H.M.);
a Grant-in-Aid for Challenging Exploratory Research (25670209: H.M.); a
Grant-in-Aid for Scientific Research on Innovative Areas (24117507: H.M.);
and the GCOE Program ‘‘Deciphering Biosphere from Genome Big Bang’’
from the Ministry of Education, Culture, Sports, Science and Technology
(T.K.). Part of this work was supported by grants from the Naito Foundation
(M. Kim and H.M.), the Waksman Foundation (H.M.), the Yakult Bio-Science
Foundation (M.O.), and the Takeda Science Foundation (M. Kim). The work
of J.-M.R. and M. Kawalec was supported by Centre National de la Recherche
Scientifique, Universite´ de Strasbourg, grants from L’Agence Nationale de la
Recherche (Drosovir ANR-09-MIEN-007), Fondation pour la Recherche
Me´dicale (DEQ 20090515422), and The European Research Council
(Immunodroso2009-AdG-20090506). T.K. designed and performed the exper-
iments; M.O., T.S., H.M., M. Kim, H.A., R.A., and M.Y. assisted with the exper-
iments; and C.S. wrote the paper.582 Cell Host & Microbe 13, 570–583, May 15, 2013 ª2013 Elsevier IReceived: August 27, 2012
Revised: January 7, 2013
Accepted: April 22, 2013
Published: May 15, 2013
REFERENCES
Akhter, A., Caution, K., Abu Khweek, A., Tazi, M., Abdulrahman, B.A.,
Abdelaziz, D.H., Voss, O.H., Doseff, A.I., Hassan, H., Azad, A.K., et al.
(2012). Caspase-11 promotes the fusion of phagosomes harboring pathogenic
bacteria with lysosomes by modulating actin polymerization. Immunity 37,
35–47.
Al-Khodor, S., Price, C.T., Kalia, A., and AbuKwaik, Y. (2010). Functional diver-
sity of ankyrin repeats in microbial proteins. Trends Microbiol. 18, 132–139.
Arnoult, D., Carneiro, L., Tattoli, I., and Girardin, S.E. (2009). The role of mito-
chondria in cellular defense against microbial infection. Semin. Immunol. 21,
223–232.
Ashida, H., Kim, M., Schmidt-Supprian, M., Ma, A., Ogawa, M., and
Sasakawa, C. (2010). A bacterial E3 ubiquitin ligase IpaH9.8 targets NEMO/
IKKgamma to dampen the host NF-kappaB-mediated inflammatory response.
Nat. Cell Biol. 12, 66–73, 1–9.
Ashida, H., Mimuro, H., Ogawa, M., Kobayashi, T., Sanada, T., Kim, M., and
Sasakawa, C. (2011a). Cell death and infection: a double-edged sword for
host and pathogen survival. J. Cell Biol. 195, 931–942.
Ashida, H., Ogawa, M., Mimuro, H., Kobayashi, T., Sanada, T., and Sasakawa,
C. (2011b). Shigella are versatile mucosal pathogens that circumvent the host
innate immune system. Curr. Opin. Immunol. 23, 448–455.
Ashida, H., Ogawa, M., Kim, M., Mimuro, H., and Sasakawa, C. (2012).
Bacteria and host interactions in the gut epithelial barrier. Nat. Chem. Biol.
8, 36–45.
Baruch, K., Gur-Arie, L., Nadler, C., Koby, S., Yerushalmi, G., Ben-Neriah, Y.,
Yogev, O., Shaulian, E., Guttman, C., Zarivach, R., and Rosenshine, I. (2011).
Metalloprotease type III effectors that specifically cleave JNK and NF-kB.
EMBO J. 30, 221–231.
Bergounioux, J., Elisee, R., Prunier, A.L., Donnadieu, F., Sperandio, B.,
Sansonetti, P., and Arbibe, L. (2012). Calpain activation by the Shigella flexneri
effector VirA regulates key steps in the formation and life of the bacterium’s
epithelial niche. Cell Host Microbe 11, 240–252.
Bergsbaken, T., Fink, S.L., and Cookson, B.T. (2009). Pyroptosis: host cell
death and inflammation. Nat. Rev. Microbiol. 7, 99–109.
Best, S.M. (2008). Viral subversion of apoptotic enzymes: escape from death
row. Annu. Rev. Microbiol. 62, 171–192.
Broz, P., Ruby, T., Belhocine, K., Bouley, D.M., Kayagaki, N., Dixit, V.M., and
Monack, D.M. (2012). Caspase-11 increases susceptibility to Salmonella
infection in the absence of caspase-1. Nature 490, 288–291.
Brunger, A.T. (2007). Version 1.2 of the Crystallography and NMR system. Nat.
Protoc. 2, 2728–2733.
Callus, B.A., and Vaux, D.L. (2007). Caspase inhibitors: viral, cellular and
chemical. Cell Death Differ. 14, 73–78.
Carneiro, L.A., Travassos, L.H., Soares, F., Tattoli, I., Magalhaes, J.G., Bozza,
M.T., Plotkowski, M.C., Sansonetti, P.J., Molkentin, J.D., Philpott, D.J., and
Girardin, S.E. (2009). Shigella induces mitochondrial dysfunction and cell
death in nonmyleoid cells. Cell Host Microbe 5, 123–136.
Crane, J.K., Majumdar, S., and Pickhardt, D.F., 3rd. (1999). Host cell death due
to enteropathogenic Escherichia coli has features of apoptosis. Infect. Immun.
67, 2575–2584.
Crane, J.K., McNamara, B.P., and Donnenberg, M.S. (2001). Role of EspF in
host cell death induced by enteropathogenic Escherichia coli. Cell.
Microbiol. 3, 197–211.
Dewoody, R., Merritt, P.M., Houppert, A.S., and Marketon, M.M. (2011). YopK
regulates the Yersinia pestis type III secretion system from within host cells.
Mol. Microbiol. 79, 1445–1461.
Diacovich, L., and Gorvel, J.P. (2010). Bacterial manipulation of innate immu-
nity to promote infection. Nat. Rev. Microbiol. 8, 117–128.nc.
Cell Host & Microbe
OspC3 Hijacks Caspase-4-Dependent Epithelial DeathEarnshaw, W.C., Martins, L.M., and Kaufmann, S.H. (1999). Mammalian cas-
pases: structure, activation, substrates, and functions during apoptosis.
Annu. Rev. Biochem. 68, 383–424.
Elmore, S. (2007). Apoptosis: a review of programmed cell death. Toxicol.
Pathol. 35, 495–516.
Fink, S.L., and Cookson, B.T. (2007). Pyroptosis and host cell death responses
during Salmonella infection. Cell. Microbiol. 9, 2562–2570.
Garcia-Calvo, M., Peterson, E.P., Leiting, B., Ruel, R., Nicholson, D.W., and
Thornberry, N.A. (1998). Inhibition of human caspases by peptide-based and
macromolecular inhibitors. J. Biol. Chem. 273, 32608–32613.
Golstein, P., and Kroemer, G. (2007). Cell death by necrosis: towards a molec-
ular definition. Trends Biochem. Sci. 32, 37–43.
Hemrajani, C., Berger, C.N., Robinson, K.S., Marche`s, O., Mousnier, A., and
Frankel, G. (2010). NleH effectors interact with Bax inhibitor-1 to block
apoptosis during enteropathogenic Escherichia coli infection. Proc. Natl.
Acad. Sci. USA 107, 3129–3134.
Hitomi, J., Katayama, T., Eguchi, Y., Kudo, T., Taniguchi, M., Koyama, Y.,
Manabe, T., Yamagishi, S., Bando, Y., Imaizumi, K., et al. (2004).
Involvement of caspase-4 in endoplasmic reticulum stress-induced apoptosis
and Abeta-induced cell death. J. Cell Biol. 165, 347–356.
Jones, R.M.,Wu, H.,Wentworth, C., Luo, L., Collier-Hyams, L., and Neish, A.S.
(2008). Salmonella AvrA Coordinates Suppression of Host Immune and
Apoptotic Defenses via JNKPathwayBlockade. Cell HostMicrobe 3, 233–244.
Kamada, S., Funahashi, Y., and Tsujimoto, Y. (1997). Caspase-4 and caspase-
5, members of the ICE/CED-3 family of cysteine proteases, are CrmA-inhibit-
able proteases. Cell Death Differ. 4, 473–478.
Karki, P., Dahal, G.R., and Park, I.S. (2007). Both dimerization and interdomain
processing are essential for caspase-4 activation. Biochem. Biophys. Res.
Commun. 356, 1056–1061.
Kayagaki, N., Warming, S., Lamkanfi, M., Vande Walle, L., Louie, S., Dong, J.,
Newton, K., Qu, Y., Liu, J., Heldens, S., et al. (2011). Non-canonical inflamma-
some activation targets caspase-11. Nature 479, 117–121.
Kim,M., Ogawa,M., Fujita, Y., Yoshikawa, Y., Nagai, T., Koyama, T., Nagai, S.,
Lange, A., Fa¨ssler, R., and Sasakawa, C. (2009). Bacteria hijack integrin-linked
kinase to stabilize focal adhesions and block cell detachment. Nature 459,
578–582.
Kim, M., Ashida, H., Ogawa, M., Yoshikawa, Y., Mimuro, H., and Sasakawa, C.
(2010). Bacterial interactions with the host epithelium. Cell Host Microbe 8,
20–35.
Knodler, L.A., Finlay, B.B., and Steele-Mortimer, O. (2005). The Salmonella
effector protein SopB protects epithelial cells from apoptosis by sustained
activation of Akt. J. Biol. Chem. 280, 9058–9064.
Komiyama, T., Ray, C.A., Pickup, D.J., Howard, A.D., Thornberry, N.A.,
Peterson, E.P., and Salvesen, G. (1994). Inhibition of interleukin-1 beta con-
verting enzyme by the cowpox virus serpin CrmA. An example of cross-class
inhibition. J. Biol. Chem. 269, 19331–19337.
Kum, W.W., Lo, B.C., Yu, H.B., and Finlay, B.B. (2011). Protective role of Akt2
in Salmonella enterica serovar typhimurium-induced gastroenterocolitis.
Infect. Immun. 79, 2554–2566.
Kumar, S., Hanning, C.R., Brigham-Burke, M.R., Rieman, D.J., Lehr, R.,
Khandekar, S., Kirkpatrick, R.B., Scott, G.F., Lee, J.C., Lynch, F.J., et al.
(2002). Interleukin-1F7B (IL-1H4/IL-1F7) is processed by caspase-1 and
mature IL-1F7B binds to the IL-18 receptor but does not induce IFN-gamma
production. Cytokine 18, 61–71.
Labbe´, K., and Saleh, M. (2008). Cell death in the host response to infection.
Cell Death Differ. 15, 1339–1349.
Lamkanfi, M., and Dixit, V.M. (2010). Manipulation of host cell death pathways
during microbial infections. Cell Host Microbe 8, 44–54.
LaRock, C.N., and Cookson, B.T. (2012). The Yersinia virulence effector YopM
binds caspase-1 to arrest inflammasome assembly and processing. Cell Host
Microbe 12, 799–805.
Le Gall, T., Mavris, M., Martino, M.C., Bernardini, M.L., Denamur, E., and
Parsot, C. (2005). Analysis of virulence plasmid gene expression defines threeCell Hclasses of effectors in the type III secretion system of Shigella flexneri.
Microbiology 151, 951–962.
Li, J., Mahajan, A., and Tsai, M.D. (2006). Ankyrin repeat: a unique motif medi-
ating protein-protein interactions. Biochemistry 45, 15168–15178.
Martinon, F., and Tschopp, J. (2007). Inflammatory caspases and inflamma-
somes: master switches of inflammation. Cell Death Differ. 14, 10–22.
Matsuzaki, S., Hiratsuka, T., Kuwahara, R., Katayama, T., and Tohyama, M.
(2010). Caspase-4 is partially cleaved by calpain via the impairment of Ca2+
homeostasis under the ER stress. Neurochem. Int. 56, 352–356.
Miao, E.A., Rajan, J.V., and Aderem, A. (2011). Caspase-1-induced pyroptotic
cell death. Immunol. Rev. 243, 206–214.
Miura, M., Zhu, H., Rotello, R., Hartwieg, E.A., and Yuan, J. (1993). Induction of
apoptosis in fibroblasts by IL-1 beta-converting enzyme, a mammalian homo-
log of the C. elegans cell death gene ced-3. Cell 75, 653–660.
Nagai, T., Abe, A., and Sasakawa, C. (2005). Targeting of enteropathogenic
Escherichia coliEspF tohostmitochondria isessential forbacterial pathogenesis:
critical role of the 16th leucine residue in EspF. J. Biol. Chem. 280, 2998–3011.
Nougayre`de, J.P., and Donnenberg, M.S. (2004). Enteropathogenic
Escherichia coli EspF is targeted to mitochondria and is required to initiate
the mitochondrial death pathway. Cell. Microbiol. 6, 1097–1111.
Phalipon, A., and Sansonetti, P.J. (2007). Shigella’s ways of manipulating the
host intestinal innate and adaptive immune system: a tool box for survival?
Immunol. Cell Biol. 85, 119–129.
Rathinam, V.A., Vanaja, S.K., Waggoner, L., Sokolovska, A., Becker, C.,
Stuart, L.M., Leong, J.M., and Fitzgerald, K.A. (2012). TRIF licenses cas-
pase-11-dependent NLRP3 inflammasome activation by gram-negative bac-
teria. Cell 150, 606–619.
Ray, C.A., Black, R.A., Kronheim, S.R., Greenstreet, T.A., Sleath, P.R.,
Salvesen, G.S., and Pickup, D.J. (1992). Viral inhibition of inflammation:
cowpox virus encodes an inhibitor of the interleukin-1 beta converting enzyme.
Cell 69, 597–604.
Ray, K., Marteyn, B., Sansonetti, P.J., and Tang, C.M. (2009). Life on the inside:
the intracellular lifestyle of cytosolic bacteria. Nat. Rev. Microbiol. 7, 333–340.
Rudel, T., Kepp, O., and Kozjak-Pavlovic, V. (2010). Interactions between bac-
terial pathogens and mitochondrial cell death pathways. Nat. Rev. Microbiol.
8, 693–705.
Shi, Y. (2002). Mechanisms of caspase activation and inhibition during
apoptosis. Mol. Cell 9, 459–470.
Shim, D.H., Suzuki, T., Chang, S.Y., Park, S.M., Sansonetti, P.J., Sasakawa,
C., and Kweon, M.N. (2007). New animal model of shigellosis in the Guinea
pig: its usefulness for protective efficacy studies. J. Immunol. 178, 2476–2482.
Sollberger, G., Strittmatter, G.E., Kistowska, M., French, L.E., and Beer, H.D.
(2012). Caspase-4 is required for activation of inflammasomes. J. Immunol.
188, 1992–2000.
Tait, S.W., and Green, D.R. (2010). Mitochondria and cell death: outer mem-
brane permeabilization and beyond. Nat. Rev. Mol. Cell Biol. 11, 621–632.
Tschopp, J., and Schroder, K. (2010). NLRP3 inflammasome activation: The
convergence of multiple signalling pathways on ROS production? Nat. Rev.
Immunol. 10, 210–215.
Vandenabeele, P., Galluzzi, L., Vanden Berghe, T., and Kroemer, G. (2010).
Molecular mechanisms of necroptosis: an ordered cellular explosion. Nat.
Rev. Mol. Cell Biol. 11, 700–714.
Wilson, N.S., Dixit, V., and Ashkenazi, A. (2009). Death receptor signal trans-
ducers: nodes of coordination in immune signaling networks. Nat. Immunol.
10, 348–355.
Winter, S.E., and Ba¨umler, A.J. (2011). Salmonella exploits suicidal behavior of
epithelial cells. Front. Microbiol. 2, 48.
Zhou, Q., Snipas, S., Orth, K., Muzio, M., Dixit, V.M., and Salvesen, G.S.
(1997). Target protease specificity of the viral serpin CrmA. Analysis of five cas-
pases. J. Biol. Chem. 272, 7797–7800.ost & Microbe 13, 570–583, May 15, 2013 ª2013 Elsevier Inc. 583
